Abstract. Infectious salmon anemia (ISA) is a severe disease primarily affecting commercially farmed Atlantic salmon (Salmo salar) in seawater. The disease has been reported in portions of Canada, the United Kingdom, the Faroe Islands, and the United States. Infectious salmon anemia virus (ISAV), the causative agent of ISA, has also been isolated from several asymptomatic marine and salmonid fish species. Diagnostic assays for the detection of ISAV include virus isolation in cell culture, a reverse transcriptase-PCR, an enzyme-linked immunosorbent assay, and an indirect fluorescent antibody test. Virus isolation is considered the gold standard, and 5 salmonid cell lines are known to support growth of ISAV. In this study, the relative performance of the salmon head kidney 1 (SHK-1), Atlantic salmon kidney (ASK), and CHSE-214 cell lines in detecting ISAV was evaluated using samples from both experimentally and naturally infected Atlantic salmon. Interlaboratory comparisons were conducted using a quality control-quality assurance ring test. Both the ASK and SHK-1 cell lines performed well in detecting ISAV, although the SHK-1 line was more variable in its sensitivity to infection and somewhat slower in the appearance of cytopathic effect. Relative to the SHK-1 and ASK lines, the CHSE-214 cell line performed poorly. Although the ASK line appeared to represent a good alternative to the more commonly used SHK-1 line, use of a single cell line for diagnostic assays may increase the potential for falsenegative results. Thus, the SHK-1 and ASK cell lines can be used in combination to provide enhanced ability to detect ISAV.
Introduction
Infectious salmon anemia (ISA) is a severe disease of Atlantic salmon (Salmo salar) reared in marine aquaculture. First officially reported from Norway in 1984, 27 ISA has subsequently been found in Atlantic salmon in parts of Canada, the United Kingdom, the Faroe Islands, and the United States. The causative virus has been isolated from rainbow trout (Oncorhynchus mykiss) in Ireland and coho salmon (Oncorhynchus kisutch) in Chile. 22 The etiological agent of the disease, infectious salmon anemia virus (ISAV), is a single-stranded, negative-sense RNA virus belonging to the family Orthomyxoviridae, and is distantly related to the influenza viruses. 5, 14, 19 In addition to clinical signs and histopathological analysis, 4 laboratorybased assays are available for the diagnosis of ISA or for the identification of ISAV: virus isolation in cell culture, a reverse transcriptase (RT)-PCR assay, an en- zyme-linked immunosorbent assay, and an indirect fluorescent antibody test. 4, 13, 17, 22, 23 Before 1995, the isolation and propagation of ISAV in vitro was not possible because the continuous fish cell lines available at the time did not appear to support replication of the virus. Dannevig et al. 6 were the first to successfully propagate the virus using a longterm cell line established from tissues of the Atlantic salmon pronephros. This salmon head kidney 1 (SHK-1) cell line continues to be broadly used for isolation of ISAV 10, 22 despite reports of variation in the ability of the line to support viral replication or development of cytopathic effect (CPE). 9, 18, 24, 25 It was later found that ISAV was capable of replication in the CHSE-214 cell line 15 (ATCC CRL 1681) established from Chinook salmon (Oncorhynchus tsawytscha) embryos 3, 12, 17 and in the Atlantic salmon (AS) cell line 20 derived from visceral organs of Atlantic salmon. 26 It has been reported that the CHSE-214 cell line does not support the growth of all ISAV isolates, 12 and there is a lack of obvious CPE in AS cells infected with ISAV. 26 Additional cell lines that support the replication of ISAV have been developed and, like the SHK-1 cell line, are able to produce CPE. The TO cell line 28 was established from Atlantic salmon head kidney leukocytes. The TO cell line appears stable and, in contrast to the SHK-1 cell line, remains fully sensitive to ISAV for at least 120 passages. 10 In addition, the TO line has been passed more than 150 times with no changes in growth characteristics or morphology. 28 However, the cell line is patented and its availability is at the discretion of the patent holder.
The Atlantic salmon kidney (ASK) cell line was also developed from Atlantic salmon head kidney tissues. 7 The cell line is highly susceptible to ISAV infection after inoculation with the virus and displays a distinct CPE in 4-8 days. 24 Comparison of the SHK-1 and ASK cell lines indicated that the ASK cell line was highly useful in a diagnostic laboratory setting based on its ability to adapt to standard cell culture routines, ease of maintenance, and the rapid and distinct CPE induced by ISAV. 24 The ASK cell line has been deposited in the American Type Culture Collection 1 from which it is readily available (ATCC CRL 2747).
There are several drawbacks to cell culture assays for viral diagnostic examinations such as the time and costs associated with maintaining cell lines, the delay in the development of viral CPE, susceptibility to contamination, difficulties in the interpretation of questionable CPE, and the need for additional confirmatory assays. However, virus isolation is considered the gold standard among fish disease diagnosticians for diseasefree certification of stocks 18 and is the recommended screening method for examination of fish involved in international trade. 22 Therefore, it is essential that both the speed and sensitivity of such cell culture assays are optimal.
The aim of this study was to compare the abilities of the SHK-1, ASK, and CHSE-214 cell lines to detect a North American strain of ISAV from several types of samples in a routine diagnostic setting. The results from 4 laboratories that participated in a ring test using the same diagnostic techniques for ISAV that included virus isolation using the SHK-1, ASK, and CHSE-214 cell lines are also presented. The ring test was designed to test the ability of different laboratories to reach a correct diagnosis of the ISAV status of samples from fish that were naturally infected, experimentally infected, or from negative controls.
Materials and methods
Sample sources. Three sample sources were used for the cell line comparison. The first source consisted of 1-yr-old Atlantic salmon smolts from an ISAV infectivity trial. Overall, 342 fish were sampled and tissues submitted in 192 pools containing 1 or 2 fish per pool. These samples were obtained from fish that were intentionally exposed to ISAV by cohabitation with infected fish and were considered exposed or infected. The second source consisted of samples collected from a commercial marine aquaculture site housing naturally exposed 2-yr-old Atlantic salmon that exhibited clinical signs consistent with ISA. Overall, during a 2-mo period, tissues from 90 fish were submitted in 18 pools consisting of 5 fish per pool. Specifically, at each of 3 sampling dates, a total of 30 fish were submitted in 6 pools, each consisting of 5 fish. The third source consisted of 60 blood and 60 tissue samples submitted blindly as part of a quality assurance-quality control (QA-QC) ring test. The fish used for this study came from 3 different groups: an experimentally infected group of 35 fish where each fish had been artificially infected with ISAV, a naturally exposed group of 19 fish from a commercial marine aquaculture facility where fish had been previously diagnosed as infected with ISAV, and a third group of 6 negative control fish obtained from specific pathogen-free stocks at the University of Maine.
Sample collection. Samples for virus isolation were collected in a consistent and sterile manner by excising an approximately 0.5-g piece of mid-kidney and spleen tissue. The tissues were then placed in Dulbecco's phosphate-buffered saline (PBS) without CaCl 2 and MgCl 2 a at pH 7.2. Because all sample submissions were part of ongoing experiments or quality assurance testing, the number of fish per pool was dependent on the parameters of the experiment or trial and varied from 1 to 5 fish. The majority of the samples for this comparison were submitted in pools containing tissues from 1 to 2 fish. The 90 samples obtained from the 2-yr-old Atlantic salmon exhibiting signs consistent with clinical ISA were collected in 5-fish pools as used under the ongoing United States Department of Agriculture ISA-surveillance program. The blood and tissue samples from the 60 fish used for the QA-QC ring test were submitted as individual samples to each of the 4 laboratories on 5 different dates during a 50-day period.
Sample processing. The tissue pools were weighed, homogenized, and diluted 1:10 (w/v) in PBS. A final 1:100 (v/ v) dilution of the tissue homogenates was then prepared in minimum essential medium (MEM) with Hanks' balanced salts and L-glutamine a supplemented with 5% fetal bovine serum (FBS) of Australian origin b and gentamicin. b Each homogenate was then filtered through a sterile nitrocellulose filter having a pore size of 0.45 m.
Volumes of 100-200 l of blood were collected and diluted 1:10 (v/v) in PBS. A final 1:100 (v/v) dilution of the blood sample was then prepared in MEM a supplemented with 5% FBS b and gentamicin. b Each blood sample was then filtered through a sterile nitrocellulose filter having a pore size of 0.45 m.
Virus isolation was performed using SHK-1, CHSE-214, and ASK cell lines grown in MEM, supplemented with 5% FBS and gentamicin for CHSE-214 cells, and Leibovitz's L-15 medium with L-glutamine, a supplemented with 5% FBS and gentamicin for SHK-1 and ASK cells. Cell cultures prepared in 24-well plates were inoculated by removing the culture medium and inoculating 2 wells of each cell line with 0.1 ml of each prepared sample. The inoculated culture plates were incubated at 15 C for 30-45 min to allow for virus adsorption before 1 ml of the appropriate cell culture growth medium was added to each well. Inoculated plates were incubated at 15 C and monitored for 28 days. The first day that CPE, typical of ISAV, was observed on each cell line was recorded for each sample. The presence of ISAV 
Results
In all, samples from the 3 sources consisted of tissues from 492 fish submitted in 270 pools. Results from each sample source are presented separately.
Atlantic salmon smolts from an ISAV cohabitation challenge. Typical ISAV CPE was first observed on day 7 postinoculation (pi) for 46 of the pools inoculated onto ASK cells and for 2 pools inoculated onto SHK-1 cells ( Table 1 ). Confirmation that CPE in these initial wells was due to ISAV was performed by randomly selecting a subsample of CPE-positive wells for testing by RT-PCR. At day 9 pi, no new pools were showing ISAV CPE on the ASK cells, but 22 additional pools were demonstrating CPE on the SHK-1 cells, and there was CPE in 1 sample inoculated onto CHSE-214 cells. By day 14 pi, a significant number of samples had become positive, and the 152 positive pools on the SHK-1 cells now exceeded the 131 positive pools on the ASK cells, whereas 120 total pools were positive on the CHSE-214 cells. On the final day (day 28) of the assay, 162 of the pools inoculated on the SHK-1 cells, 150 of the pools on the CHSE-214 cells, and 142 of the pools on the ASK cells were demonstrating viral CPE.
Atlantic salmon exhibiting signs consistent with clinical ISA. At each of the 3 dates, the samples inoculated onto the ASK cell line were the first to demonstrate CPE resulting in the highest initial number of ISAV-positive pools ( Table 2 ). In the ASK line, the first signs of CPE were observed between 7 and 11 days pi, whereas the CHSE-214 cell line did not show signs of ISAV until 12-18 days pi. Equal numbers of pools were positive in the ASK and SHK-1 cell lines between days 12 and 19 pi, and ultimately results from both lines were similar. The CHSE-214 line had a much lower level of sensitivity than the other 2 lines, detecting virus in less than 50% of the samples by the end of the assay period.
Samples submitted as part of a QA-QC ring test. Over a period of 50 days, the 4 laboratories participating in the ring test received individual blood and tissue samples from 60 fish, of which 6 were negative controls. Samples were received blindly, with no background information. Laboratory 4 reported false-positive results for blood and tissue samples from 1 of the 6 negative fish using both the ASK and SHK-1 cell lines, whereas laboratory 3 reported a false-positive result from 1 kidney sample inoculated onto the ASK cell line (results not shown).
The results for the blood and tissue samples from the 54 experimentally infected and naturally exposed fish are shown in Table 3 . Both the ASK and SHK-1 cell lines performed well in laboratories 1 and 4 for detection of ISAV from both kidney and blood samples from the 35 experimentally infected fish, with the ASK cells yielding a higher apparent infection rate. Similarly, more kidney samples were ISAV positive in laboratory 2 when inoculated onto ASK cells than on SHK-1 cells, but neither the SHK-1 or ASK cell lines at laboratory 2 performed as well as the same lines at laboratories 1 and 4. The performance of the SHK-1 cell line at laboratory 3 was much poorer than at the other 3 laboratories.
Using samples from fish naturally exposed to ISAV, laboratories 1 and 2 reported the ability to detect virus in 100% (19 of 19) of both the blood and kidney samples inoculated onto both the ASK and SHK-1 cell lines. Laboratory 4 reported the detection of virus in 100% (17 of 17) of the blood samples using both cell lines; however, this laboratory did not report ISAV in all the kidney samples from the same fish, although the ASK line identified a slightly higher proportion of positive samples. Whereas the ASK cell line in laboratory 3 detected ISAV in 100% (19 of 19) of the blood and kidney samples from the fish naturally exposed to the virus, the strain of SHK-1 cells maintained in that laboratory appeared refractory to infection and did not demonstrate CPE when inoculated with any of the samples from either blood or kidney.
Laboratories 1 and 2 included the CHSE-214 cell line in the ring test, and the performance of this cell line at laboratory 1 was equal to that of the ASK and SHK-1 cell lines for the set of 19 samples from naturally infected fish, probably because these samples had a high titer of infectious virus. However, laboratory 1 reported that the CHSE-214 line was less effective in detecting the presence of ISAV in samples from fish in the experimentally exposed group, finding the virus in only about half of the samples identified as positive by the ASK or SHK-1 lines. Laboratory 2 was unable to isolate ISAV from any of the samples on the CHSE-214 cell line.
In general, when comparing the overall performance of the cell lines at the 4 laboratories that participated in the ring test, detection of ISAV from kidney and blood samples was the highest using ASK cells, with SHK-1 cells demonstrating a somewhat lower sensitivity. Detection of ISAV from kidney and blood samples was substantially lower using the CHSE-214 cells when comparing the sample sets where this line was used. In the ring test, the number of fish testing positive with kidney samples was typically higher than with blood samples from the same animals, especially for the samples from experimentally infected fish.
Discussion
Our results showed that samples inoculated onto the ASK cell line produced viral CPE more rapidly than did samples inoculated onto the CHSE-214 or SHK-1 cell lines. The results also indicated that the ASK and SHK-1 cell lines generally yielded a higher proportion of ISAV-positive cultures than did the CHSE-214 cell line, especially in samples that may have contained a low virus titer. Similar studies by Grant and Smail 10 used tissue homogenates and mock field samples to compare the ability of the CHSE-214, SHK-1, and TO cell lines to detect ISAV. The TO line was found to be more sensitive than the SHK-1 line and the CHSE-214 cell line did not show CPE in cases where ISAV was detected by the TO or SHK-1 cell lines. These authors also compared the TO, SHK-1, ASK and CHSE-214 cell lines inoculated with dilutions of stock virus to show that at low dilutions of virus, the ASK and TO cell lines performed slightly better than the SHK-1 cells, but that at higher dilutions, the TO cell line developed earlier CPE.
Rolland et al. 24 compared the ASK and SHK-1 cell lines in their ability to grow and to detect ISAV using virus stock cultures and tissues from experimentally infected fish. Two virus isolates were used, 1 representing the North American strain and the other representing the European strain. The ASK cell line was found to be a good alternative to the SHK-1 cell line in these laboratory trials based on several factors that included the difficulty in adapting the SHK-1 cell line to an existing laboratory cell culture routine as compared with the ASK cell line. The SHK-1 cell line required acclimatization using conditioned medium and, even then, frequently continued to exhibit poor growth. Although the ASK cell line is also relatively slow growing, requiring close to 2 weeks for subculture at a split ratio of 1:2, the SHK-1 cell line grew well only when supplemented with a specific FBS and 2-mercaptoethanol. 6 In addition, the SHK-1 cell line required close attention to culture conditions as the cells appeared to be sensitive to density; that is, if seeded in a flask at either too high or too low a cell density, the resulting cultures often did not grow properly. The ASK cell line appeared to be more tolerant of high cell densities, although seeding flasks at low cell densities could result in the death of the cultures, similar to that seen in the SHK-1 cell line. 24 Overall the ASK and SHK-1 cell lines performed well in the ring test, with the exception of the SHK-1 cell line at laboratory 3. As reported by others, 10, 18, 24 cultures of the SHK-1 cell line are known to become refractory to ISAV infection over time or after a high number of passages, and this may explain the poor performance of the SHK-1 line at laboratory 3. These results highlight the importance of routine susceptibility testing of cell lines.
Although the strain of CHSE-214 cells maintained at laboratory 1 performed relatively well, it is important to note that the clone of CHSE-214 cells maintained at laboratory 1 did not appear to show the differential susceptibility to strains of ISAV observed in other laboratories. 12 Some workers have reported that they were unable to cultivate ISAV in the CHSE-214 cell line whatsoever 24 or that the CHSE-214 cell line did not propagate ISAV from tissue material that produced CPE in other ISAV-sensitive cell lines. 10 It is common for various laboratories to use different cell culture reagents and to practice individual cell culture techniques. 3, 8, 11, 12 The result is that the characteristics of a cell line maintained in different laboratories can change over time, 16 including its susceptibility to virus infection. 29 Such differences among strains of cells can be minimized by the use of standard procedures, reagents, and strains of cells so that results between labs are truly comparable. In addition, the susceptibility of cell lines to infection must be routinely tested in the laboratories where they are used.
The Office International des Epizooties (OIE) Manual of Diagnostic Tests for Aquatic Animals 22 and its adjunct publication, the OIE Quality Standard and Guidelines for Veterinary Laboratories: Infectious Diseases, 21 contain sections on the principles of validation of diagnostic assays and on quality management in veterinary testing laboratories, as well as details of the recommended standard methods for conducting various diagnostic assays for listed pathogens of fish, mollusks, and crustaceans. In the OIE Manual, 5 stages of assay validation are discussed: 1) feasibility studies, 2) assay development and standardization, 3) determining assay performance characteristics, 4) monitoring validity of assay performance, and 5) maintenance and enhancement of validation criteria. For fish disease diagnostic assays, generally only the initial stages are addressed by scientists when reporting development of a novel method for the detection of a fish pathogen. Typically, investigators will test the new or modified assay for sensitivity and specificity but rarely perform formal tests of reliability or reproducibility. Furthermore, as highlighted by the results of the ring test here and in a large-scale ring test in Europe, 16 the routine performance of cell lines or other diagnostic tools may vary between laboratories or within the same laboratory over time. Such discrepancies reinforce the need for fish health diagnosticians to increase their efforts in standardization of assays and quality control.
Here, the sensitivity of 3 cell lines against each other in a diagnostic setting was compared, and the ability of 4 laboratories to reach the same conclusions with the same set of samples was tested. Although these results provide estimates of the relative sensitivity of the lines and the reproducibility of the virus isolation assay, it was not possible to provide a statistical analysis of the results because, except for the samples from the negative fish in the ring test, the actual infection status of the samples obtained from the experimentally infected or naturally exposed fish was not known with certainty. To conduct a more quantitative comparison of the sensitivity of the 3 cell lines used here, including estimates of the rate of false-positive, true-positive, false-negative, and true-negative results, samples to which known amounts of virus have been added and samples from fish with a known infection status, both positive and negative, will need to be included. Similarly, cell culture assays are only able to detect virus infections and require the use of a confirmatory serological or molecular test to unequivocally identify the agent. 22 Thus, it was not possible to provide estimates of the specificity or reliability of virus isolation for the 3 cell lines.
Our results also showed that blood represents a useful sample for detection of ISAV in infected fish. Such nonlethal samples may be useful for diagnosis of active infection or for management of stocks in culture. However, further work is needed to compare the relative sensitivity of various types of assays, including virus isolation, for the ability to detect the very lowest levels of ISAV present in different types of samples, in order to increase confidence in the pathogen-free certification of stocks that are to be moved between countries or watersheds.
The results of this study and those of others 10, 24 show that the ASK cell line represents a good alternative to the SHK-1 cell line for the detection of ISAV and the production of virus. The relative ease of adoption into a cell culture routine, the susceptibility of the cell line to ISAV, and time to viral-induced CPE development make the ASK cell line a useful adjunct to the SHK-1 cell line for detection of ISAV. For routine diagnostics, the potential for false-negative results exists when using any of the 3 cell lines (CHSE-214, SHK-1, ASK) individually, but false positives are fewer when used in combination. 18 Therefore, for diagnostic purposes, the ASK and SHK-1 cell lines used in combination may represent a more robust means of detection.
